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I study the potential role of young massive star clusters (YMCs) and open star clusters (OCs)
in assembling stellar-mass binary black holes (BBHs) which would be detectable as persistent
gravitational-wave (GW) sources by the forthcoming, space-based Laser Interferometer Space An-
tenna (LISA). The energetic dynamical interactions inside star clusters make them factories of as-
sembling BBHs and other types of double-compact binaries that undergo general-relativistic (GR)
inspiral and merger. The initial phase of such inspirals would, typically, sweep through the LISA
GW band. This fabricates a unique opportunity to probe into the early in-spiralling phases of
merging BBHs, that would provide insights into their formation mechanisms. Here, such LISA
sources are studied from a set of evolutionary models of star clusters with masses ranging over
104M − 105M that represent YMCs and intermediate-aged OCs in metal-rich and metal-poor
environments of the Local Universe. These models are evolved with long-term, direct, relativistic
many-body computations incorporating state-of-the-art stellar-evolutionary and remnant-formation
models. Based on models of Local Universe constructed with such model clusters, it is shown that
YMCs and intermediate-aged OCs would yield several 10s to 100s of LISA BBH sources at the
current cosmic epoch with GW frequency within 10−3 Hz−10−1 Hz and signal-to-noise-ratio (S/N)
> 5, assuming a mission lifetime of 5 or 10 years. Such LISA BBHs would have a bimodal distri-
bution in total mass, be generally eccentric (<∼ 0.7), and typically have similar component masses
although mass-asymmetric systems are possible. Intrinsically, there would be 1000s of present-day,
LISA-detectable BBHs from YMCs and OCs. That way, YMCs and OCs would provide a significant
and the dominant contribution to the stellar-mass BBH population detectable by LISA. A small
fraction, < 5%, of these BBHs would undergo GR inspiral to make it to LIGO-Virgo GW frequency
band and merge, within the mission timespan; < 15% would do so within twice the timespan. LISA
BBH source counts for a range of S/N, normalized w.r.t. the local cluster density, are provided.
Drawbacks in the present approach and future improvements are discussed.
I. INTRODUCTION
Following the recent, above-the-expectation success of
the LISA Pathfinder mission [1], Laser Interferometer
Space Antenna (LISA; also, eLISA) has now been ap-
proved as an L3 mission by the European Space Agency
[2]. LISA is a proposed space-borne, dual-arm interfer-
ometer gravitational wave (hereafter GW) detector with
an arm length of 2.5 × 106 km. Such arm length makes
the instrument sensitive to GWs of much lower frequen-
cies, ∼ 10−5−10−1 Hz [2], compared to its ground-based
counterparts [3, 4]. LISA will thus potentially intercept a
wide-variety of low-frequency GW events such as mergers
of binary supermassive black holes, inspiral and merg-
ers of binary intermediate-mass black holes, intermedi-
ate mass ratio and extreme mass ratio inspirals involving
supermassive and intermediate-mass black holes, Galac-
tic binary white dwarfs and binary stars, and stellar-
remnant binary black holes (hereafter BBH) [5] and other
double-compact binaries in the Local Universe [2, 6–9].
Over their first (O1), second (O2), and third (O3)
observing runs, the LIGO-Virgo collaboration (here-
after LVC) has identified 67 compact-binary merger
events, which are predominantly BBH merger candi-
dates but also contain binary neutron star (hereafter
∗ sambaran@astro.uni-bonn.de (SB)
BNS) and neutron star-black hole (hereafter NSBH)
merger events. Among these, the parameter estima-
tions of 11 BBH mergers and 2 BNS mergers have so far
been published ([10–12], https://gracedb.ligo.org/
superevents/public/O3/). However, various theories
leading to compact-binary mergers and their observed
properties (see [13] for a review) still remain largely de-
generate.
One of the main reasons for this degeneracy is the fact
that most compact binaries “forget” their orbital pa-
rameters at formation and hence the imprints of their
formation mechanisms, by shrinking to a large extent
and becoming practically circular by the time they spiral
in, via GW radiation, up to the LIGO-Virgo GW fre-
quency band (∼ 10 − 1000 Hz). By probing BBHs and
other double-compact binaries at GW frequencies that
are lower by a few orders of magnitude, LISA has the
potential to identity imprints of such systems’ formation
mechanisms. In that sense, identification of BBHs and
other double-compact binaries by LISA and as well by
other proposed, deci-Hertz-range, space-based GW in-
terferometers such as DECIGO [14] and Tian Qin [15]
would be complementary to the ground-based general-
relativistic (hereafter GR) merger detections.
In particular, it can generally be expected that BBHs
assembled via dynamical interactions in stellar clusters
would be eccentric. Dynamically-formed BBHs that
merge within a Hubble time would exhibit relics of this
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2eccentricity in the LISA frequency band [16, 17], on their
way to the merger via post-Newtonian (hereafter PN)
inspiral. Detailed and self-consistent direct N-body and
Monte Carlo simulations of young, open, and globular
clusters indeed support this [18–20]. In contrast, isolated
binary evolution can be expected to produce predomi-
nantly circular BBHs in the LISA band. This is because
to place a BBH, derived from massive stellar binary evo-
lution, in the LISA band, the binary must go through
a common-envelope (CE) phase [21] so that it shrinks
sufficiently [22–26], which process would also circular-
ize them. Except for the least massive merging BBHs
produced in this way (which would also have the least
chances to be visible by LISA), that may become eccen-
tric at the beginning of their GR-inspiral due to BHs’
natal kick [27] (especially, that of the later-born BH),
the BH members would form via direct collapse without
any natal kick, preserving the circular binary orbit [28].
Note that the typical timescale of PN orbital evolu-
tion of BBHs in the LISA band is ∼ 0.1 Myr although,
depending on the BBH’s orbital configuration, it can be
as small as ∼ 10 yr [20]. Therefore, BBHs in the LISA
band are persistent or semi-persistent GW sources. In
contrast, they are transient GW sources in the LIGO-
Virgo band, the inspiral timescale being <∼ a minute.
The contribution of BBH LISA sources from globular
clusters (hereafter GC) and nuclear clusters (hereafter
NSC) in the Local Universe, due to dynamical processes
in such clusters, has recently been studied [19, 29]. This
study investigates BBH LISA sources from young mas-
sive clusters (hereafter YMC) and open clusters (here-
after OC) which aspect is rather unexplored to date. To
that end, the set of theoretical cluster evolutionary mod-
els as described in [20] is utilized. The structure and
stellar composition of these cluster models are consistent
with those observed in YMCs and OCs in the Milky Way
and the Local Group. The models are evolved with state-
of-the-art PN direct N-body integration, incorporating
up-to-date supernova (hereafter SN) and stellar remnant
formation models.
In Sec. II A, the N-body evolutionary models of star
clusters and BBH inspirals from them are summarized.
Sec. II B discusses the method of constructing models
of Local Universe with these cluster models and obtain-
ing present-day LISA BBH sources from them. Sec. III
estimates the LISA BBH source counts and the sources’
properties. Sec. IV summarizes and discusses the present
results, their caveats, and suggests upcoming improve-
ments.
II. COMPUTATIONS
In this section, the approach to determine LISA source
count and properties, based on model cluster evolution,
is described.
A. Post-Newtonian, many-body
cluster-evolutionary models
In this work, the 65 N-body evolutionary models of
star clusters, as described in [20], are utilized. The
model clusters, initially, possess a Plummer density pro-
file [30] for the spatial distribution of all constituent
stars, are in virial equilibrium [31, 32], have masses
104M ≤ Mcl(0) ≤ 105M, and have half-mass radii
1 pc ≤ rh(0) ≤ 3 pc. They range over 0.0001 ≤ Z ≤ 0.02
in metallicity and are subjected to a solar-neighborhood-
like external galactic field. The initial models are com-
posed of zero-age-main-sequence (hereafter ZAMS) stars
with masses over 0.08M− 150.0M and distributed ac-
cording to the standard initial mass function (hereafter
IMF). About half of these models have a primordial-
binary population (overall initial binary fraction ≈ 5%
or 10%) where all the O-type stars are paired among
themselves with an observationally-motivated distribu-
tion of massive stellar binaries [33, 34]. Although ide-
alistic, such cluster parameters and stellar compositions
are consistent with those observed in YMCs and medium-
mass OCs that continue to form and dissolve in the Milky
Way and other Local-Group galaxies.
These model clusters are evolved fully self-consistently
using NBODY7, a state-of-the-art PN direct N-body in-
tegrator [35–37], that couples with the semi-analytical
(or population synthesis) stellar and binary-evolutionary
model BSE [38, 39]. The integrated BSE is made up-
to-date [27] in regards to prescriptions of stellar wind
mass loss [40], formation of stellar-remnant neutron stars
(hereafter NS) and black holes (hereafter BH) by incorpo-
rating the ‘rapid’ and ‘delayed’ SN models [41] and pul-
sation pair-instability (PPSN) and pair-instability (PSN)
SN [42], and SN natal kick by implementing prescrip-
tions for fallback-dependent momentum-conserving [43]
and collapse-asymmetry-driven [27, 44, 45] kicks.
The PN treatment of NBODY7 is handled by ARCHAIN
sub-integrator [46, 47] that applies PN corrections (up
to PN-3.5) to a binary with an NS or a BH component
that either is by itself gravitationally bound to the clus-
ter or is a part of an in-cluster triple or higher-order
subsystem. The (regularized) PN orbital integration of
the binary takes into account perturbations from the
outer members (if part of a subsystem) until the sub-
system is resolved, via either the binary’s GR inspiral
and coalescence or the disintegration of the subsystem.
This allows in-cluster GR mergers driven by the Kozai-
Lidov (hereafter KL) mechanism [48–50] or chaotic triple
(or higher order) interactions [e.g., 51, 52]. Apart from
such in-cluster mergers, which comprise the majority of
the GR mergers from these model clusters, a fraction
of the double-compact binaries ejected dynamically from
the clusters would also undergo PN inspiral and merger
within a Hubble time [e.g., 53–57]. As demonstrated
in [18, 20, see also [19]], the vast majority of such in-
cluster and ejected dynamically-driven inspirals initiate
with peak GW frequency lying within or below the LISA
3band. Although most of these inspirals begin with very
high eccentricity, they circularize via GR inspiral [58] to
become moderately eccentric (<∼ 0.7) within the LISA
band, and be visible by the instrument [16, 17, 59].
The stellar-remnant BHs are assigned spins at birth
based on hydrodynamic models of fast-rotating massive
single stars [60] which are utilized in assigning numerical-
relativity-based GR merger recoil kicks and final spins
[61–63] of the in-cluster BBH mergers. However, the
ARCHAIN PN integrations are themselves performed as-
suming non-spinning members for the ease of computing;
this simplification is not critical for LISA GW frequencies
since spin-orbit precession and the corresponding modi-
fication of orbital-evolutionary time would be mild over
such frequencies. In the computed models of [20], the ma-
jority of the BBH mergers have primaries M1 <∼ 40M.
However, although rarely, M1 reaches up to ≈ 100M
(total mass up to ≈ 140M) in BBH mergers due to
the occurrence of second-generation mergers [64, 65] and
mergers following accretion of matter by the participat-
ing BHs [20].
B. Present-day LISA sources from computed
cluster models
A ‘sample Local Universe’ is constructed out of Nsamp
model clusters by placing each cluster at a random co-
moving distance, D, within a spherical volume of Dmax =
1500 Mpc, centered around the detector. The value of
Dmax is set based on the fact that at this distance the
brightest LISA sources from the computed models still
project characteristic strain marginally above LISA’s de-
sign noise floor (see below). In other words, Dmax is the
limit of visibility of BBH sources, as of the present com-
puted models.
For each cluster at a chosen distance D, a model of
mass, Mcl(0), is selected from the set of computed clus-
ter models, with probability ∝ Mcl(0)−2 over its range
of 104M − 105M in the set. Such a mass distribution
is observed for newborn and young clusters of a wide
mass range in the Milky Way and nearby galaxies [66–
69]. The model’s size is selected uniformly over its range
in the computed set, i.e., 1 pc ≤ rh(0) ≤ 3 pc and its
metallicity is chosen uniformly over Zmin ≤ Z ≤ Zmax.
Two metallicity ranges are considered: that of the en-
tire model set (Zmin, Zmax) = (0.0001, 0.02) ranging from
very metal-poor environments up to the solar enrichment
and (Zmin, Zmax) = (0.005, 0.02) comprising only metal-
rich systems (down to 0.25Z). Note that most of the
models in the wider Z-range case have Z ≥ 0.001 [see
20] as consistent with the most metal-poor galaxies ob-
served in the Local Universe [70]. The choice of two Z
ranges allows studying the impact of metallicity on LISA
source counts and properties. As shown in Table I, Local-
Universe samples of Nsamp ∼ 104 are considered which
sample sizes provide a fair balance between the comput-
ing time required for extracting the present-day LISA
sources (see below) and statistics.
Each cluster in a sample is assigned a formation red-
shift, zf , that corresponds to an age, tf , of the Universe.
The GW of a GR inspiral from this cluster (the vast ma-
jority of them are BBH inspirals; see [20]) is intercepted
after a delay time, tdelay, from the formation when the
age of the Universe is tevent, i.e.,
tevent = tf + tdelay. (1)
If the light travel time from the cluster’s distance, D, is
tlD, then the age of the Universe is
tobs = tevent + tlD (2)
when the (redshifted) GW signal reaches the detector.
The formation epoch, zf , of a cluster is assigned according
to the probability distribution given by the cosmic star
formation history (hereafter SFH), namely [71],
ψ(z) = 0.015
(1 + z)2.7
1 + [(1 + z)/2.9]5.6
M yr−1 Mpc−3. (3)
A detected signal is considered ‘recent’ if
tHubble −∆tobs ≤ tobs ≤ tHubble + ∆tobs (4)
where tHubble is the present age of the Universe (the Hub-
ble time) and ∆tobs is taken to be ∆tobs = 0.1 Gyr.
∆tobs serves as an uncertainty in the cluster formation
epoch; with the above choice it is well within the typical
epoch uncertainties in the observed SFH data [71]. In
this work, the contribution of LISA sources from young
and open clusters are considered which is why the forma-
tion epoch is restricted to relatively recent times, namely,
0.0 ≤ zf ≤ 0.5 that corresponds to formation look-back
times within 0.0 Gyr ≤ tlb,f <∼ 5 Gyr.
The peak-power GW frequency in the source frame,
fGWp, from a GR in-spiralling binary of component
masses (M1,M2) and with instantaneous semi-major-axis
a and eccentricity e is given by [72]
fGWp =
√
G(M1 + M2)
pi
(1 + e)1.1954
[a(1− e2)]1.5 . (5)
The orbital parameters (a, e) decay due to the orbit-
averaged leading gravitational radiation (PN-2.5 term)
as (in the source frame) [58]
a˙ = −64
5
G3M1M2(M1 + M2)
c5a3(1− e2)7/2
(
1 +
73
24
e2 +
37
96
e4
)
e˙ = −304
15
G3M1M2(M1 + M2)
c5a4(1− e2)5/2 e
(
1 +
121
304
e2
)
.

(6)
Note that fGWp is a certain harmonic, np, of the Kep-
lerian orbital frequency, fK(= 1/2pi
√
G(M1 + M2)/a3),
i.e.,
fGWp = npfK. (7)
4TABLE I. LISA source counts based on representative samples of the Local Universe (D ≤ 1500 Mpc), as constructed with the
computed model clusters (Secs. II A and II B). The columns from left to right are as follows: Col. 1: metallicity (Z) range of
the model clusters in a sample, Col. 2: lifetime of the LISA mission, TLISA, Col. 3: number of clusters, Nsamp, in the sample,
Col. 4: intrinsic number of LISA sources, N0, at the present cosmic age (within tHubble ± 0.1 Gyr) from the sample, Col. 5:
inferred intrinsic number of LISA sources within TLISA, N0, scaled by the cluster density (in Mpc−3) of the Local Universe,
ρcl, Cols. 6, 8, 10: numbers of LISA sources from the sample, N>2, N>5, and N>10, with S/N ≥ 2, ≥ 5, and ≥ 10 respectively,
at the present cosmic age, Cols. 7, 9, 11: inferred numbers of LISA sources within TLISA, N>2, N>5, and N>10, with S/N ≥ 2,
≥ 5, and ≥ 10 respectively, scaled by the cluster density of the Local Universe (Eqn. 15).
Z TLISA/ yr Nsamp N0 N0/ρcl N>2 N>2/ρcl N>5 N>5/ρcl N>10 N>10/ρcl
0.0001 - 0.02 5.0 23508 1329 19.98 222 3.34 72 1.08 39 0.59
0.005 - 0.02 5.0 23172 917 13.99 135 2.06 56 0.85 29 0.44
0.0001 - 0.02 10.0 23364 1276 38.61 307 9.29 104 3.15 45 1.36
0.005 - 0.02 10.0 22896 924 28.53 157 4.85 53 1.64 30 0.93
Hence, np decreases with the binary’s orbital evolution
(i.e., with decreasing e) such that np <∼ 10 for e <∼ 0.7 and
np = 2 for e = 0. For low GW frequencies, the frequency
time-derivative or ‘chirp’ is given by
f˙GWp ≈ npf˙K = np 48
5pi
(GMch)
5/3
c5
(2pifK)
11/3F (e) (8)
which can be obtained by utilizing the expression
of a˙ from Eqn. 6 (see e.g., [19]). Here Mch ≡
(M1M2)
3/5/(M1 + M2)
1/5 is the source-frame chirp mass
and
F (e) ≡ 1
(1− e2)7/2
(
1 +
73
24
e2 +
37
96
e4
)
(9)
is the ‘eccentricity correction factor’ of Eqn. 6.
At the peak frequency and from distance D, the char-
acteristic strain, h˜c, of the GW is given by [19, 58, 73, 74]
h˜2c =
2
3pi4/3
G5/3
c3
M
5/3
ch
D2
1
f
1/3
GWp
(
2
np
)2/3
g(np, e)
F (e)
, (10)
where g(n, e) is the relative GW power function [73].
If the redshift at the cluster’s distance is zD then
the detector-frame (redshifted) peak GW frequency, its
chirp, and the chirp mass are given by
fGWp,z =
fGWp
(1 + zD)
f˙GWp,z =
f˙GWp
(1 + zD)2
Mch,z =Mch(1 + zD)

(11)
The detector-frame chirp mass can be obtained by rewrit-
ing Eqn. 8 in terms of fGWp,z, and f˙GWp,z.
In this work, a GW source is considered visible by
LISA if, (i), its GW frequency lies within a relatively
narrow range, 10−3 Hz ≤ fGWp,z ≤ 10−1 Hz, around the
instrument’s noise floor minimum or ‘bucket frequency’
(at ∼ 10−2 Hz; [2, 75]). At the same time, (ii), a LISA-
visible source should at most be moderately eccentric,
e ≤ 0.7 [16, 17, 59], so that it is not ‘bursty’. Note that a
source is effectively lesser detectable the slower the evolu-
tion of fGWp,z (fGWp) is over the LISA mission lifetime,
TLISA. This is taken into account by multiplying a re-
duction factor to the GW characteristic strain as given
by Eqn. 10:
hc = κ× h˜c, (12)
where [19, 76, 77]
κ = min
√ f˙GWp,z
fGWp,z
TLISA, 1
 . (13)
Here, mission lifetimes of TLISA = 5 year (planned) and
10 year (optimistic) are considered.
Finally, (iii), hc should exceed a signal to noise ra-
tio (hereafter S/N) threshold for visibility. In this work,
LISA sources with S/N > 0, ≥ 2, ≥ 5, and ≥ 10 are
considered; the source count with S/N > 0 implies the
intrinsic count. The analytical LISA design sensitivity
curve (or noise floor) [75], which closely reproduces the
instrument’s published design sensitivity curve [2] over
the visibility frequency-window considered here, is uti-
lized in determining S/N for the LISA sources form the
sample Local Universe.
The squared value of κ (Eqn. 13) at the minimum
fGWp,z for which the visibility conditions (i), (ii), and (iii)
are simultaneously satisfied (i.e., at the source’s ‘entry’
to the visibility band) is referred to in this work as the
‘transience’, κ1, of the LISA source. κ1 ≤ 1 is a measure
of how transient the source is over the LISA lifetime: the
larger is κ1 the more will the source’s fGWp,z and other
properties evolve (due to its PN inspiral) over the mis-
sion lifetime. κ1 = 1 implies that the source evolves in a
timescale ≤ TLISA.
In this study, the standard (ΛCDM) cosmologi-
cal framework is adopted [78] with the cosmologi-
cal constants from the latest Planck results (H0 =
67.4 km s−1 Mpc−1, Ω m = 0.315, and flat Universe for
which tHubble = 13.79 Gyr) [79].
5FIG. 1. BBH inspirals at the present cosmic age (within tHubble ± 0.1 Gyr), over the characteristic LISA frequency range
(10−3 Hz− 10−1 Hz), from a representative sample of the Local Universe (D ≤ 1500 Mpc) as constructed with the computed
model clusters (Sec. II). The inspirals are shown (thin lines) in the plane of redshifted GW peak frequency in the detector
frame, fGWp,z, versus GW characteristic strain at this frequency, hc, for those systems which have S/N ≥ 2 w.r.t. LISA’s
design sensitivity curve (thick, blue line). The hc − fGWp,z tracks are colour-coded (colour bar) according to the distance of
the BBH’s host cluster. The left and right panels show the outcomes when the metallicity range of the model clusters in the
Local-Universe sample is taken to be 0.0001 − 0.02 and 0.005 − 0.02, respectively. A LISA mission lifetime of TLISA = 5 yr is
assumed.
III. LISA SOURCES FROM YOUNG MASSIVE
AND OPEN STELLAR CLUSTERS
Fig. 1 shows examples of BBH inspirals in the
LISA band from a sample Local Universe that are
‘detected’ (i.e., satisfy the visibility conditions i-iii)
at the present cosmic age with S/N ≥ 2 (i.e., at
|tobs − tHubble| ≤ ∆tobs [= 0.1 Gyr]), using the method
described in Sec. II B. Fig. 1 shows the detected inspirals
(as dictated by Eqns. 6, 10, and 13) in the hc − fGWp,z
plane for the Z ranges 0.0001-0.02 and 0.005-0.02 and for
TLISA = 5 year (see Table I). The design sensitivity curve
of LISA [75] is shown in the same plane (the thick, blue
line). In the following, unless otherwise stated, present-
day (or present-cosmic-age) LISA sources will imply only
those that are detected in the above sense. Note that de-
pending on the strength of a particular source (given its
distance, mass, and orbital properties), it may be de-
tectable over only a sub-window within the full detection
frequency range 10−3 Hz− 10−1 Hz (see Fig. 1).
If for the TLISA mission time the total number of
present-day LISA sources with S/N ≥ s, from a sample
Local Universe comprising Nsamp clusters, is N>s then
the estimated number of present-day LISA sources within
a TLISA window, N>s, is
N>s = 4
3
piD3maxρcl
N>s
Nsamp
TLISA
2∆tobs
, (14)
where ρcl is the present-day volume density of young clus-
ters in the Local Universe. Eqn. 14 can be rewritten as
(for the assumed Dmax = 1500 Mpc; see Sec. II B),
N>s
ρcl/ Mpc
−3 = 7.069
N>s
Nsamp
(TLISA/yr)
(∆tobs/Gyr)
. (15)
Table I shows the N>s and N>s/ρcl values for s =
2, 5, and 10 for four Local-Universe samples with Z-
ranges 0.0001 − 0.02 and 0.005 − 0.02 and TLISA = 5 yr
and 10 yr. Also shown are the intrinsic source counts,
N0 and N0/ρcl, corresponding to S/N > 0. For each
Local Universe, Nsamp ≈ 2.3×104. By taking half of this
Nsamp, it is found that all the source counts also become
nearly half, implying that such Nsamp yields statistically
convergent counts.
Fig. 2 shows the probability distributions (probabil-
ity density function; hereafter PDF) of the properties
of LISA BBH sources at the present cosmic age, that
have S/N > 5, as compiled from Local-Universe samples
with Z-ranges 0.0001 − 0.02 (blue-lined histogram) and
0.005− 0.02 (red-lined histogram). All the distributions
in Fig. 2 correspond to TLISA = 5 year. The top-left
panel shows the PDF of the ‘mean eccentricity’, e, over
the detected GW frequency window. e represents the
most likely eccentricity of the BBH when its GW signal
is intercepted by the detector and is measured, in this
study, by the expression
e =
(2− κ1)e1 + κ1e2
2
. (16)
Here κ1 is the transience of the GW source as defined in
Sec. II B. When κ1 → 0 (the source is nearly invariant
over TLISA), e → e1, the eccentricity of the binary at
the minimum fGWp,z satisfying the visibility conditions.
When κ1 = 1 (the source is variable over timescales
≤ TLISA), e = (e1+e2)/2, midway between the eccentric-
ities, e1 and e2 respectively (e1 > e2), at the minimum
and maximum fGWp,z satisfying the visibility conditions
(see Fig. 1).
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FIG. 2. Properties of LISA BBH sources, with S/N > 5, at the present cosmic age from a representative Local Universe
constructed with the computed model clusters (Sec. II). The top left, top right, bottom left, and bottom right panels respectively
show the probability distributions of the sources’ mean eccentricity (Sec. III), e, mass ratio, q, total mass, Mtot, and detector-
frame (redshifted) chirp mass, Mch,z. On each panel, the blue- and red-lined histograms correspond to the cluster metallicity
ranges 0.0001− 0.02 and 0.005− 0.02, respectively. A LISA mission lifetime of TLISA = 5 yr is assumed.
The cutoff of the e distribution at e = 0.7 is simply
due to the adopted criterion e ≤ 0.7 for visibility by
LISA (Sec. II B). Despite the fact that the BBHs’ PN
inspirals typically start with a high e, the majority of
those with e ≤ 0.7 are already well circularized within the
adopted ‘bucket’ frequency range of 10−3 Hz − 10−1 Hz
(see Fig. 10 of [20]; see also [18]). This causes the PDF to
increase with decreasing e (top-left panel of Fig. 2). As
typical for dynamically-assembled BBH inspirals [20, 57],
which is the case for the vast majority of inspirals from
the present models, the distribution of the mass-ratio,
q ≡ M2/M1 (M1 ≥ M2), of the LISA-visible BBHs is
strongly biased towards unity (Fig. 2, top-right panel).
However, sources as asymmetric as q < 0.4 is possible for
a Local Universe extending to the metal-poorest environ-
ments.
The distribution of the total mass, Mtot, of the LISA
BBH sources is bimodal (Fig. 2, bottom-left panel). The
lower mass peak (spanning over 20M−40M) is due to
the ambience of lower mass BBH inspirals over the <∼ 5
Gyr delay times considered here (Sec. II B); see Fig. 9
of [20]. The higher mass peak, beyond 60M, appears
since despite the relative rarity of such massive BBH in-
spirals they are the brightest GW sources (with high-
est h˜c and κ). Note that this bimodal feature appears
irrespective of the metallicity range of the Local Uni-
verse. The feature is also mildly present in the PDF of
the detector-frame chirp mass, Mch,z, of the LISA BBH
sources (Fig. 2, bottom-right panel).
Fig. 3 shows the cumulative probability distribution of
the transience, κ1 (Sec. II B), of the present-day LISA
BBH sources that have S/N > 5, as compiled from the
Local-Universe samples considered here. Shown are the
cumulative PDFs for both metallicity ranges 0.0001−0.02
(blue lines) and 0.005−0.02 (red lines) and for TLISA = 5
year (solid lines) and 10 year (dashed lines). A LISA
source would reach merger, i.e., exit the LISA band and
become visible in the LIGO-Virgo band, within twice the
LISA mission time if κ1 ≥ 0.5. According to Fig. 3,
with S/N > 5 and TLISA = 5 year, the fraction of BBHs
exhibiting such ‘LISA-LIGO’ visibility [9] is ≈ 15% (≈
5%) for the 0.0001 ≤ Z ≤ 0.02 (0.005 ≤ Z ≤ 0.02)
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FIG. 3. Cumulative probability distribution of the transience, κ1 (Eqn. 13, Sec. II B), of LISA BBH sources, with S/N > 5,
at the present cosmic age from a representative Local Universe constructed with the computed model clusters (Sec. II). The
distributions are shown for both metallicity ranges 0.0001− 0.02 and 0.005− 0.02 and for TLISA = 5 and 10 year LISA mission
lifetimes, as indicated in the legend.
Local Universe. With S/N > 5 and TLISA = 10 year,
the fraction is ≈ 15% (≈ 10%) for 0.0001 ≤ Z ≤ 0.02
(0.005 ≤ Z ≤ 0.02).
With an estimate of the local volume density of YMCs
and OCs, ρcl, the values of N>s/ρcl in Table I can be
utilized to estimate the present-day LISA BBH source
count. Here a preliminary estimate of ρcl is used, which
is based on the observed local density of GCs of ρGC ≈
2.6 Mpc−3 [53, 80] (taking h ≡ H0/[100 km s−1] =
0.674). Due to the observed power-law birth mass func-
tion of clusters with index ≈ −2 [66–69] alone, YMCs and
OCs of the mass range considered here (104M−105M)
would be ≈ 20 times more numerous than GCs [18],
resulting in ρcl ≈ 52 Mpc−3. The number of LISA
BBH sources, for TLISA = 5 year, would accordingly
be N>2 ≈ 174, N>5 ≈ 56, N>10 ≈ 31 (N>2 ≈ 107,
N>5 ≈ 44, N>10 ≈ 23) from the Local Universe with
0.0001 ≤ Z ≤ 0.02 (0.005 ≤ Z ≤ 0.02). For TLISA = 10
year, N>2 ≈ 483, N>5 ≈ 164, N>10 ≈ 71 (N>2 ≈ 252,
N>5 ≈ 85, N>10 ≈ 48) for 0.0001 ≤ Z ≤ 0.02 (0.005 ≤
Z ≤ 0.02). For TLISA = 5 year, the intrinsic count for
LISA-visible BBHs isN0 ≈ 1039 (N0 ≈ 727) from the Lo-
cal Universe with 0.0001 ≤ Z ≤ 0.02 (0.005 ≤ Z ≤ 0.02).
For TLISA = 10 year, N0 ≈ 2008 (N0 ≈ 1484) for
0.0001 ≤ Z ≤ 0.02 (0.005 ≤ Z ≤ 0.02).
IV. SUMMARY AND DISCUSSIONS
This study, for the first time, attempts to assess the
potential contribution of YMCs and OCs, within the Lo-
cal Universe, in assembling stellar-mass BBHs that are
detectable by LISA as per the instrument’s proposed de-
sign. To that end, a suite of state-of-the-art, direct, PN
N-body evolutionary model clusters, incorporating up-
to-date stellar-evolutionary and remnant-formation mod-
els and observationally-consistent structural properties
and stellar ingredients [20], is utilized (Sec. II A). The
model set allows to explore the cluster mass range of
104M − 105M representing the regime where clusters
form as YMCs, over the cosmic SFH, and evolve in long
term to become moderately-massive, ∼ Gyr-old OCs. In
this study, model clusters up to ≈ 5 Gyr age (formation
redshift ≤ 0.5) are explored, as typical for intermediate-
aged OCs. The BBH inspirals from them, that would be
present at the current cosmic epoch in LISA’s most sen-
sitive GW frequency range of 10−3 Hz−10−1 Hz with ec-
centricity < 0.7 and exceeding an S/N threshold (Fig. 1),
are tracked (Sec. II B). For this purpose, samples of Local
Universe, comprising ∼ 104 clusters (Table I) and hav-
ing a LISA visibility limit of 1500 Mpc, are constructed
out of the evolutionary cluster models, following the ob-
served cluster birth mass function and SFH and adopting
the standard cosmological framework (Sec. II B). A sam-
ple Local Universe comprises either the full metallicity
range of the cluster models, 0.0001 ≤ Z ≤ 0.02 (most of
which have Z ≥ 0.001), implying that the Local Volume
well includes LMC-like or sub-LMC metal-poor environ-
ments or only the 0.005 ≤ Z ≤ 0.02 models implying
that the Local Volume is made predominantly of metal-
rich environments (Table I).
A drawback of the present approach is that a clus-
8ter’s metallicity is completely decoupled from its forma-
tion epoch according to the cosmic SFH. However, this
is not critical since only recent formation redshifts of
zf ≤ 0.5 are considered. How ambient are metal-poor
environments in the Local Universe is still largely an
open question [70, 81]. Rather, the two Z ranges con-
sidered here enable exploring the impact of metallicity
on LISA source counts and properties. Indeed, the Lo-
cal Universe including the metal-poor clusters typically
yields larger, by up to a factor of two, present-day LISA
source counts (Table I). This is due to the fact that low-Z
clusters yield more massive BBH inspirals (since low-Z
stellar progenitors produce more massive BHs [27, 40])
so that the present-day LISA BBHs are biased towards
higher masses (Fig. 2, bottom panels), which are also
generally brighter GW sources. In a forthcoming study,
metallicity-dependent SFH (e.g., [82, 83]) will be applied
in such an exercise.
For both metallicity regimes, the distribution of to-
tal mass, Mtot, of the present-day LISA BBHs exhibits
a bimodal feature (Fig. 2, bottom-left panel; Sec. III).
For both cases, the present-day LISA BBH sources are
predominantly of similar component masses (mass ratio
q ≈ 1) although dissimilar-mass sources of q < 0.4 are
possible from the metal-poorer Local Universe (Fig. 2,
top-right panel). For both type of Local Universe, the
present-day LISA BBH sources are generally eccentric
(e < 0.7), although they are biased towards being circu-
lar (Fig. 2, top-left panel; Sec. III).
Stellar-mass LISA BBH sources are persistent, with
the source properties varying mildly (as given by their
transience, κ1; Sec. II B) over the LISA mission lifetime,
TLISA, for the majority of them. However, a small frac-
tion of them would still exhibit significant evolution as
they undergo PN inspiral. For the metal-poorer Local
Universe, ≈ 15% of the present-day LISA BBHs with S/N
> 5 would show up in the LIGO-Virgo frequency band
within twice the mission lifetime and < 5% of the sources
would do so within the mission time, for TLISA = 5 year
or 10 year (Fig. 3; Sec. III). For the metal-richer Local
Universe, the former fraction is < 10%.
Table I shows the estimated number of present-day
LISA BBH sources, N>s, with S/N thresholds s = 2, 5,
and 10, for both metallicity regimes and for 5 year and
10 year mission lifetimes. The entries are scaled w.r.t.
the present-day volume density, ρcl, of YMCs and OCs
in the Local Universe (see Eqn. 15). Since such clusters
continue to form and evolve with the cosmic evolution of
star formation [71], ρcl depends on the fraction of stars
forming in bound clusters and the fraction of such clus-
ters surviving the violent birth environment and condi-
tions [84–87], all of which, and hence ρcl, are poorly con-
strained to date. By scaling the observed volume density
of GCs based on observed cluster mass function, it can
be inferred that YMCs and OCs of <∼ 5 Gyr age in the
metal-poorer Local Universe would provide ≈ 56 (≈ 164)
LISA BBH sources with S/N > 5, for 5 year (10 year)
mission time (Table I; Sec. III). For the metal-richer Lo-
cal Universe, the corresponding source counts are ≈ 44
(≈ 85). Therefore, YMCs and OCs would yield LISA-
visible BBHs in about an order of magnitude larger num-
bers than those from GCs [19]. Intrinsically, there would
be ≈ 1000 (700) present-day, LISA-visible BBHs from
YMCs and OCs in the metal-poorer (metal-richer) Lo-
cal Universe, for TLISA = 5 year (Table I; Sec. III). For
TLISA = 10 year, the intrinsic counts nearly double.
Note that the above estimates of present-day LISA
sources still represent lower limits. The counts can eas-
ily be a few factors higher if the borderline between
intermediate-aged OCs and GCs is set at a higher mass
(currently, it is 105M [18]). Also, considering clusters
formed at higher redshifts would add to both the present-
day source counts from a sample Local Universe and the
present-day local density of YMCs and OCs, which would
also lead to a few factors boost in the source counts.
LISA BBH sources in young clusters has been ad-
dressed also in other recent studies [57, 88]. The ec-
centricity distribution of LISA BBH sources, as obtained
here, qualitatively agrees with the trend of the same pre-
sented in [57]. But unlike from these authors, the LISA
BBH sources here extend to much higher eccentricities,
all the way up to 0.7 (Fig. 2, top-left panel). Note, al-
though, that these authors provide the eccentricity dis-
tribution corresponding to fK = 10
−2 Hz whereas, here,
the most likely eccentricity over 10−3 Hz ≤ fGWp,z ≤
10−1 Hz (Eqn. 16), is considered. Furthermore, these au-
thors have considered only those in-spiralling BBHs that
are dynamically ejected from the clusters whereas, here,
by virtue of the PN treatment (Sec. II A), both in-cluster
and ejected inspirals are considered, the former type be-
ing dominant [89]. Finally, the present work considers
clusters of much higher mass (by a few to 100 times) and
much longer evolutionary times than both [57, 88], yield-
ing BBH inspirals of much broader orbital morphology.
The range and the trend of the eccentricity distribution
of LISA BBHs obtained here is similar to those for in-
cluster inspirals from computed GC models [19], which
are a few to 10 times more massive than the present mod-
els but incorporate similar physics ingredients.
In the near future, this line of study will be extended
to incorporate cosmic metallicity evolution and SFH up
to high redshifts. The same methodology can be applied
to obtain LIGO-Virgo compact binary merger rates from
YMCs and OCs, which study is underway (see, e.g., [90]
for an alternative approach). The present set of com-
puted model clusters is being extended in mass and den-
sity.
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